Sap flow from excised maple stems collected over the winter (1986/87) was correlated with stem water content. Stem water content was high in the fall (>0.80) and decreased rapidly during 2 weeks of continuous freezing temperatures in late winter (<0.60). Exudation of sap from stem segments subjected to freeze/thaw cycles was small (<10 mL/kg) in the fall, but substantial exudation (45-50 mL/kg) occurred following the decline in water content. of sap absorption into gas-filled fibers during freezing. Exudation volume was increased 200 to 300% in maple stems originally at high water content (>0.80) after perfusion with sucrose and dehydration at -12°C. Sap flow was also induced in butternut stem segments after the same treatment. Thus, sap flow may not be unique to maples. Sap flow could not be increased in stem segments dehydrated at 4C. Migration of water molecules from small ice crystals in fibers to larger crystals in vessels while stems were frozen may account for increase exudation after dehydration at -12°C. This would result in preferential dehydration of fibers and a distribution of gas and sap favorable for stem-based sap flow.
The physiology of sap flow from dormant maple trees has received only sporadic attention since the early work of Clark (1, 2) . However, the relatively recent work by Milburn and O'Malley (13) has provided important and new insight into the study of sap flow. Milbum and O'Malley (13, 15) have clearly established the importance of freezing and thawing in the sap flow response and have provided a testable hypothesis of sap flow. According to their hypothesis, sap is absorbed into gas-filled fibers during freezing of the xylem tissue. Continuous flow of liquid sap occurs from the vessels up to the site of crystal growth. Absorption occurs as a direct result of ice crystal formation on the inner walls of the fibers and continues as long as ice crystal growth occurs. Gas entrapped in the fibers becomes compressed as ice crystal growth continues and contributes to the positive pressure driving sap out of the stem during the thaw.
The distribution of gas and sap in the stem is an important feature of this hypothesis. Wiegand (19) observed the distribution of gas and sap in the fibers and vessels of a number of species during the late winter. Vessels in maple stems were generally filled with sap and very little gas, whereas fibers contained large quantities of gas. Sperry et al. (17) have also observed this distribution of gas and sap in Acer saccharum (sugar maple). Wiegand (19) reported that A. camprestre had a considerable amount of gas in vessels and exuded only slightly when brought into the laboratory. All other species of maple exuded in the laboratory. Juglans cinerea (butternut) had little gas in vessels, but a large quantity in fibers. It also exuded when warmed. Species of all other genera (Salix, Populus, Ulmus, Vitis, Fraxinus, and Quercus) contained large quantities of gas in vessels, and none exuded when warmed. These observations are consistent with Milburn's and O'Malley's (13, 15) hypothesis of sap flow and suggest that J. cinerea may also be capable of stem-based sap flow.
O'Malley and Milburn (15) have also correlated the water content of sycamore maple stem segments with the pressure developed during freezing in laboratory experiments. It was assumed that this pressure was indicative of the exudation response when the stem was later thawed. Stems with low water content (<55% of the fresh weight) developed negative pressure while freezing, and those with high water content developed positive pressure. As the water content decreased below 55%, the pressure measured during freezing was generally more negative. This correlation of water content and pressure is consistent with sap absorption into gas-filled fibers. As the water content increases, the gas-filled volume must concurrently decrease, since there are no significant changes in stem dimensions (15) . The purpose of our work was to determine if this relationship between stem water content and sap flow held for fieldgrown maple trees and whether sap flow could be induced in stems originally at high water content after dehydration. Because it has been shown that sucrose is required for sap flow (9), we also monitored the sucrose content of the vessel sap. In addition, we were interested in the possibility of sap flow from J. cinerea in untreated stems 
RESULTS
The mean exudation volumes during a thaw and the SD of stem segments before and after perfusion are presented in Figure 1 . The mean sucrose content (naturally occuring) of the unperfused segments is given in Figure 2 . Exudation volumes from either perfused or unperfused segments were less than 12 mL/kg until after the water content decreased below 0.70 and the sucrose content increased above 1% (Fig.  2) . Exudation volumes increased rapidly in stem segments collected after day 140, and reached maximums of 45 mL/kg in unperfused segments and 50 mL/kg after perfusion. These results are consistent with other published results (9, 11, 18) .
Perfusion with sucrose did not significantly increase exudation volume of stems collected before day 140. In some cases, exudation volume of these segments was reduced (or absorption occurred) after perfusion, possibly due to additional water that was retained in the stem during perfusion. Exudation volume was increased by 30 to 50% in perfused stem segments collected during the period in which unperfused segments showed a rapid increase in exudation. The increase in exudation volume was only 15% greater in the last collections and was not statistically significant. The increase in exudation volume in the last collections was small due to the presence of sucrose already in the vessel sap.
The mean water content of these stems is presented in Figure 2 . The water content was low (0.68, or 40% of the fresh weight) at the end of summer, but quickly increased after leaf fall, reaching 1.03. This particularly high water content may have been the result of the heavy rains during September and early October. A slightly lower water content was reached in December and remained relatively constant through mid-January. A significant decrease in water content occurred in late January to mid-February. During this time, the night-time temperatures were consistently -15 to -200C, and day temperatures were -7 to -100C (Fig. 3) . A slight increase in water content occurred in March as the temperature fluctuated above and below freezing. Sap flowed freely from tapped trunks at this time.
The sucrose content of the vessel sap during the same time interval is also presented in Figure 2 . Sucrose was not detectable in xylem exudate from leafy trees. Leaf fall at this site began on about October 5, and by October 25, all remaining leaves were dry and brown. From October through midJanuary, the sucrose content was consistently below 0.4% (w/v) (15 mM ). An increase in sucrose content to 1.4% was noted during late January and early February, corresponding to the decrease in water content and following 2 weeks of continuous freezing temperatures (Fig. 3) . The sucrose content continued to increase, reaching 1.9% at the end of March.
Figures 4 and 5 show the responses to perfusion and dehydration of maple stem segments initially with a high water content (>0.8). The response to perfusion shown in Figure 4A is typical of the response of other stems collected between days 60 and 140, as reported in Figure 1 . In Figure  4A , a perfused stem (water content = 0.82) absorbed approximately 2.85 mL during freezing and exuded only 1.14 mL [9] ; therefore, the absolute values of the flow volumes reported here are similar to those reported previously, but represent a much smaller flow per unit dry weight.) After dehydration at 40C to a water content of 0.72, the same stem segment absorbed 2.64 mL on freezing but exuded only 0.62 mL (6.2 mL/kg) on thawing (Fig. 4B) . Another stem with an initial water content of 0.82 was dehydrated at -120C to a water content of 0.73. Before dehydration, the stem exuded 12.9 mL/kg (Fig. 5A ) on thawing, but exuded 29.8 mL/kg after dehydration (Fig. 5B) Figure 6 . The untreated butternut stem segment showed an initial rapid exu- (8, 15) . Of the five stems, this stem had the highest water content (water content = 0.94).
DISCUSSION
Absorption and exudation volumes during freeze/thaw experiments from maple stems collected in the late fall were small. They are similar in timing and quantity to volume flows reported by Marvin (11) . Perfusion of these stems with sucrose did not increase exudation volumes. The lack of effect on exudation volume is consistent with a reduced gas-filled space within the stem due to the high water content (>0.80). Coincident with a decrease in water content (and an increase in sucrose content) later in the winter, stems began to exude a large volume of sap on thawing. Perfusion only marginally increased exudation (not statistically significant) in late winter due to the presence of sucrose already in the untreated stems.
The increase in sucrose content and the decrease in water content both appear to be tightly correlated with long-term freezing conditions. Gregory and Wargo (6) observed a dramatic increase in sucrose content of the vessel sap after several weeks of continuous freezing days. Sauter (16) has reported that the sucrose content of vessel sap extracted from Salix and Populus increases rapidly after freezing temperatures. Other evidence suggests that enzymes associated with starch to sucrose conversion are activated by low temperature (12, 16) .
High water contents recorded in the early winter decreased rapidly during continuous freezing temperatures. Gibbs (5) described patterns of seasonal changes in water content for many forest trees that were similar to that reported here. The (Fig. 1 ). This water content was reached in midwinter only after several weeks of continuous subfreezing temperature. The large variation in response (Fig. 1) at water contents between 0.70 and 0.75 is indicative of the threshold response in sugar maple.
The results of the dehydration experiments indicated that different dehydration processes may occur above and below freezing. Stems dehydrated at 40C absorbed a large volume of sap during preparation for freezing cycles. Exudation volumes were consistently reduced compared to exudation prior to dehydration. These characteristics had been noted previously in stems collected in late summer after perfusion with sucrose (9) . However, stems dehydrated at -120C absorbed considerably less sap during sample preparation and exuded 200 to 300% more sap during the thaw prior to dehydration. These differences, which occurred during sample preparation, indicated that different patterns of dehydration had occurred. Water may have been lost mainly from vessels during dehydration at 40C, since a large volume of sap was absorbed prior to and during freezing, with only small exudation volume on thawing. In stems dehydrated at -120C, water lost from vessels could be replaced with water migrating from the fibers (4, 7, 10) . Water molecules could migrate from the smaller ice crystals in fibers to large ones in vessels during the course of long-term freezing (4, 10) . The result of the freeze dehydration process is preferentially to dehydrate fibers during freezing. This would result in a favorable distribution of gas and sap in stems.
The migration of water molecules from small ice crystals to larger ones is analogous to the evaporation of water molecules from small water droplets and condensation on larger droplets. The latent heat required to evaporate water is, in part, supplied by the release of energy due to decreasing the surface area (3, 14) . Since the change in surface area for each molecule of water evaporated is larger for a small diameter droplet, the energy released is greater. Therefore, for a given vapor pressure, droplets with a radius less than some critical value will evaporate, and those with a larger radius will continue to grow (14) . These relations also apply to the vapor pressure over the solid phase. However, the value of the surface tension of ice is not accurately known, nor is its dependence on area known (4). The geometry of ice crystal formation is also not well understood (10) . These uncertainties complicate the thermodynamic description of ice crystal regrowth. However, this process may help to explain the effect of freeze dehydration on sap flow.
The results relating to buttemut stems indicate that stembased sap flow may not be unique to maples. Under appropriate conditions (presence of sucrose in the vessel sap and gas-filled space in fibers), sap can be absorbed during freezing and exuded on thawing. It is possible that other species show some limited exudation based on stem pressure, but because the occurrence is less frequent and distinct than in maple, the exudation has gone unnoticed. The response of untreated nonmaple stem segments to freezing cycles was described by Johnson et al. (9) and M.T. Tyree (unpublished). It would be valuable to reexamine the response of those species to treatments described in this article to assess at least their potential for exudation.
In a previous article (9), we demonstrated that the volume of exudation is dependent on the concentration of sucrose perfused into stems collected in spring, when the stem water content is presumably nearly optimal. In this article, we demonstrate that when stem water content is too high, sap exudation does not occur, even when the stems are perfused 
